Abstract: Precipitate-free Fe-Cr-Ni f.c.c. alloys exhibit strong intergranular corrosion in acid solutions at electrochemical potentials from the transpassivity range. Segregation of impurity atoms to grain boundaries is generally considered to be responsible for this specific kind of localized damage. A study of the influence of silicon, phosphon~s and carbon on the intergranular transpassive corrosion of the solution treated Fe-17Cr-13Ni alloy in the 2N sulphuric acid at a fixed electrochemical potential is presented. No localized attack occurs in a high purity base alloy nor in one containing phosphorus. The amount of intergranular corrosion is determined by the silicon content: according to previous results a ~naximum is observed for about 1 wt.% (2 at.%) Si. Carbon additions between 100 and 200 ppm cause some intergranular corrosion in silicon-free alloys and amplify the corrosion intensity in those containing silicon. No localized corrosion occurs for silicon contents higher than 2 wt%. An analysis of the segregation kinetics of silicon is presented and the relation between intergranular corrosion and bulk silicon concentration is discussed.
INTRODUCTION
Several Fe and Ni-base f.c.c. alloys exhibit a strong intergranular corrosion in acid solutions at electrochemical potentials from the transpassivity range. Very regular grain boundary grooves produced under these conditions ( Fig. 1) allow characterization of the extent of this localized damage by groove angles [I] . In all cases of transpassive corrosion, alloys can be considered as precipitate-free (high purity, high temperature heat treatment). Therefore, the origin of the phenomenon is different from that of the intergranular corrosion of "sensitized" stainless steels.
The aim of the present work is to analyse the influence of silicon (0 -4 wt.%), carbon (10 -200 pprn) and phosphorus (25 -100 ppm) on the intergranular transpassive corrosion of a high purity solution-treated Fe-I7Cr-13Ni alloy. The kinetics of silicon segregation to grain boundaries will be discussed on the basis of potentiostatic corrosion tests carried out after heat treatments at various temperatures. Finally, an interpretation based on a possible segregation mechanism of silicon will be presented. Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995752
EXPERIMENTAL PROCEDURE
Fe-base f.c.c. alloys containing 17-18 wt.% Cr, 12-14 wt.% Ni, 0-4 wt.% Si and controlled carbon and phosphorus additions were prepared from high purity base metals in the laboratory of the Ecole des Mines de Saint-Etienne. Symmetrical -d01>20° tilt bicrystals (Fe-17Cr-13Ni) containing 1 wt.% Si were prepared by the Chalmers method. Chemical compositions are given in Table 1 . All samples were given l h and 24h treatments at 1200°C under argon, followed by water quenching. <001>20° tilt bicrystal and 1Si specimens used for the study of the segregation kinetics of silicon were treated for 24 hours at temperatures between 550°C and 1000°C, then water quenched. All surfaces were prepared by mechanical polishing before corrosion tests. Potentiostatic transpassive corrosion tests were carried out in 2N sulphuric acid solution in water at 650 mVlHgzSO4 for 24 hours. In addition, some corrosion tests in a boiling 14.4N nitr~c acid solution at free electrochemical potential with potential monitoring were performed. In all cases, intergranular grooves observed by SEM had a triangular section ( Fig.1) and their angle is independent of time at a constant electrochemical potential. The groove angles were measured on SEM micrographs using a method described in [7] . Stability of groove angles is linked to a constant value of the ratio of dissolution rates of bulk alloy V, and of grain boundaries Vj. The specific dimensionless intergranular corrosion intensity is defined by the following equation [2] :
The corrosion intensity J is equal to zero if no intergranular groove is produced and it increases when grooves become "sharper". The groove angles were measured on SEM micrographs using a method described in [7] . As shown in [2] for silicon containing stainless steels, this criterion of the corrosion intensity allows comparison of intergranular segregation levels between different grain boundaries and between alloys of different silicon content. Table 2 presents intergranular corrosion intensities J (mean values from about 30 measurements) for all solution treated polycrystalline alloys . The results of the corrosion tests can be summarized as follows:
RESULTS
* For high purity P and PIS1 alloys, no difference between Ih and 24h treatments is observed. 1Si and 1Si lOOP alloys exhibit strong intergranular corrosion.
Phosphorus alone (100 ppm) does not cause intergranular corrosion and its addition to the alloy silicon containing does not modify its corrosion behaviour.
* In lOOC alloys, intergranular corrosion is only observed for silicon contents approaching 1 wt.%.
Corrosion intensities J are a little higher than in carbon free alloys but they are independent of treatment time.
* In 200CISi alioys, intergranular corrosion is observed even for very low silicon contents.
Corrosion intensity J reaches its maximum for about 1 wt.% Si, then it decreases rapidly so that no intergranular grooves are observed for 2 wt.% Si. In the 200C 1Si alloy, intergranular corrosion is stronger than for 1Si alloys with lower carbon contents. On the other hand, a small increase of J is produced by the 24 h treatment at 1200°C. Table 3 presents the results of intergranular corrosion tests for the 1Si alloy and for the 60C 0.8Si bicrystal after 24 hours' treatment between 550 and 1200°C.
Table 2: Intergranular corrosion intensities J after corrosiort tests in sulphuric acid

Table 3: Intergranular corrosior~ intensities J after heat treatments between 550 and 1200°C
Surprisingly, almost no temperature dependence of J is observed. It seems that only treatments at 550°C produce a small increase of corrosion intensity compared to all other temperatures.
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DISCUSSION
The present study confirms the influence of silicon on transpassive corrosion of solution-treated f.c.c. alloys. However, if silicon segregation is generally considered to be responsible for the formation of intergranular grooves, no study of the segregation process has been presented up to now. In particular no satisfactory explanation of the corrosion maximum near to 1 wt% Si has been given. In our previous paper 121, the existence of a linear relation between corrosion intensity J and the intergranular concentration of silicon was shown by means of Auger spectroscopy. It can be therefore concluded that potentiostatic transpassive corrosion tests can be used to compare intergranular segregation levels of silicon in different alloys. An estimation of the segregation energy can be made only if cjO is known. According to computer simulation of intergranular structures and of the intergranular segregation of substitution atoms in f.c.c. lattice, it is possible to calculate cjO(si) for different <001> tilt boundaries [9] . It is found that the occupation level of grain boundaries can vary from about 0.08 (<001>20°) to 0.17 (<001>37O). An estimation of Es made for a <001>20° tilt boundary gives -0.40+0.05 eV/atom [6] for cjO equal to 0.11. It is therefore possible to predict the intergranular segregation of silicon as a function of its bulk concentration and of temperature. Figure 2 presents the results of this estimation. with: D -boundary enrichment factor (~j / % cjo);
An estimation of @ofor a <001>20° tilt boundary for c, =0.02 in the temperature range between 400 and 1200°C is presented in Table 4 .
Table 4: Estimation of the iiztergranular segregation kinetics of silicon
Segregation times are very short for temperatures above about 600°C. This is particularly due to a low factor. The results shown in Table 4 indicate that it is very difficult to obtain experimentally equilibrium concentrations of silicon at grain boundaries corresponding to higher temperatures. On the other hand, heat treatments at temperatures lower than 600°C do not lead to much boundary enrichment, as can be seen from Figure 2 . All results of intergranular corrosion tests performed after a solution treatment at 1200°C should therefore be considered as representing the segregation behaviour of silicon at a much lower temperature (probably between 600 and 800°C). The maximum intergranular corrosion intensity J observed at about I wt.% Si (=2 at.%) can also be explained on the basis of the segregation behaviour of silicon. Figure 3 shows the theoretical evolution of (Table 2 -base alloy) that perturbation of the atomic arrangement at grain boundaries without segregation is not sufficient to produce a significant difference of dissolution rates of both zones. If one assumes that this difference is produced mainly by modifications of chemical compositions of both zones, figure 3 shows clearly that no specific grain boundary dissolution can occur for silicon contents higher than 2 wt.%. A study of the relation between dissolution rate and silicon content can also explain the existence of the peak of intergranular corrosion intensity near to 1 wt.%. Figure 4 shows an approximative relation of general corrosion rate in 2N sulphuric acid vs. silicon content. Between 0 and 1 wt.% Si, no influence of silicon is observed. For silicon contents between 1 and 4 wt.% (2 -8 at.%), general corrosion rate increases almost linearly. The results shown in the present paper do not lead to any conclusion about the influence of carbon on intergranular corrosion after solution treatment at 12O0C. It seems that possible carbon segregation has no influence on intergranular corrosion for C less than 100 wt. ppm. On the other hand, the results from Table   . * (Table 2) show some increase of intergranular corrosion intensity J with time of solution treatment at 1200°C.
The influence of carbon is strongly enhanced in another kind of transpassive corrosion tests -in a boiling 14.4N HN03 solution with potential monitoring [7] . In this test, intergranular corrosion intensity depends very strongly on carbon content. Results shown in Figure 6 show that silicon alone does not cause any intergranular corrosion. On the other hand, in 200C alloys, intergranular dissolution is most intense in silicon free alloy and it decreases progressively with growing silicon content (Fig.6) . In all alloys containing carbon tested in nitric acid, the intensity of intergranular corrosion increases vs. time of treatment at 1200°C. If carbon segregation is responsible for integranular corrosion in nitric acid, a possible explanation could be based on a competition between silicon and carbon segregations to grain boundaries. Since silicon segregation is extremely fast, the process takes place before carbon segregation becomes possible. It cannot be excluded that carbon segregation to boundaries already containing silicon becomes more difficult and less carbon can migrate to boundaries than in Si-free alloys. This kind of process was observed in Fealloys with controlled phosporus, carbon and nitrogen contents [4, 10] . The differences of corrosion behaviour in sulphuric and nitric acid tests are possibly related to the nature of electrochemical reactions at the surface of the alloy in both environments. On the other hand, electrochemical conditions are very different in both tests (imposed potential in sulphuric acid and free potential in H N Q ) even if in both cases potentials are from the transpassivity range.
CONCLUSION
Corrosion tests of f.c.c. Fe-base alloys with controlled silicon, carbon and phosphorus contents confirm the influence of silicon on intergranular corrosion under transpassive conditions. Transpassive corrosion of grain boundaries in stainless steels results from intergranular segregation and not from the difference between activation energies of dissolution induced by the perturbation of atomic arrangement in grain boundaries compared to an ideal crystal. On the basis of direct evidence of silicon presence in grain boundaries [2] , segregation kinetics was analysed by measurements of corrosion groove angles after different heat treatments. Due to a low enrichment factor of silicon in grain boundaries, the segregation process is extremely fast at temperatures below 1000°C. This explains why almost no temperature dependence of silicon segregation is observed experimentally. An analysis of relation between intergranular and bulk silicon contents leads to a theoretical prediction of an intergranular corrosion peak at 1 wt.% Si. This result, observed experimentally by many authors, has never been explained before. The influence of carbon on the integranular corrosion of solution treated alloys seems to be more complex. In alloys containing carbon, the intensity of intergranular corrosion depends on time of heat treatment at 1200°C. On the other hand, corrosion tests in nitric acid show that the presence of carbon at grain boundaries has to be taken into account when analyzing integranular corrosion, even if no direct experimental evidence for carbon segregation is available.
